We determined ringed seal (Pusa hispida) bacular and testicular growth relationships and made interspecific comparisons to species with better-known mating systems to elaborate on current hypotheses about the mating system of the ringed seal. We measured 161 bacula, 251 pairs of testes, and 55 mandibles collected from ringed seals of known age from Inuit subsistence harvests in Arviat and Sanikiluaq, Nunavut, Canada, from 2003 to 2006. Ringed seal bacular and testicular sizes were positively allometric relative to mandibular size for immature males (,7 years of age) but increased isometrically in mature males (7 years of age), similar to relationships between bacular size and body length for known polygynous pinnipeds. Adult isometric growth contrasted with harp seals (Pagophilus groenlandicus), a promiscuous species, in which bacular size likely is sexually selected. Our results, combined with previously reported ecological and behavioral ringed seal characteristics, suggest that ringed seals display a polygynous mating system.
in mating behavior and mating system (Boness 1991; Le Boeuf 1991; McLaren 1993; Stirling 1975 Stirling , 1983 , although 2 fundamental characteristics have shaped the evolution of pinniped mating strategies: aquatic foraging and parturition on a solid substrate, such as land or ice (Bartholomew 1970) . Land-mating pinnipeds, such as otariids and some phocids, illustrate high degrees of sexual size dimorphism and polygyny, where males control aggregated breeding females over space and time (Boness 1991) . In contrast, the control of females over space and time is often not possible for aquaticmating pinnipeds because females are widely dispersed and mobile, resulting in reduced or nonexistent sexual size dimorphism (Le Boeuf 1991; Stirling 1975 Stirling , 1983 , and alternative mating tactics (Boness et al. 2006) .
Ringed seals (Pusa hispida) constitute 1 of the smallest phocids that mate aquatically and exhibit no sexual size dimorphism (Chambellant 2010; McLaren 1993) . A limited amount of information is available on bacular and testicular anatomy of ringed seals, and their mating system has been poorly documented, because studies are constrained by logistical difficulties of acquiring behavioral information during the ice-covered spring breeding season (Stirling and Thomas 2003) . We described bacular and testicular growth, variation, and allometry and then applied a comparative approach among pinnipeds to provide insight into the mating system of ringed seals.
MATERIALS AND METHODS
Ringed seals were sampled from 2003 to 2006 by Inuit hunters of Arviat (61u079N, 94u039W) and Sanikiluaq (56u329N, 79u9W), Nunavut, Canada, as part of their subsistence harvest (August-January) and in the context of the community-based monitoring program coordinated by Fisheries and Oceans Canada (Department of Fisheries and Oceans) in Winnipeg, Manitoba, Canada. Penes (n 5 161), testes (n 5 251), and mandibles (n 5 55) were frozen in the field at 230uC and sent to the Department of Fisheries and Oceans for processing. Seal age was determined by counting the annual growth layer groups in the cementum of decalcified, stained, longitudinal thin sections of teeth following the method described by Bernt et al. (1996) , Stewart et al. (1996) , and Stirling et al. (1977) . Growth layer groups were counted by 1 reader (MC) in 2 or 3 blind replicates for each tooth, and final ages were estimated using 2 identical readings or the median of 3 different readings. Thawed penes and mandibles were placed in hot water baths (78-82uC) for 1-2 h to soften the flesh for removal using scalpels, scissors, and blunt forceps. Of the 161 bacula, 6 small bacula broke during cleaning, and 7 were broken previously, likely due to sampling postmortem. The broken bacula were glued back together using Loctite Super Glue (Henkel Corporation, Westlake, Ohio). All bacula and mandibles were then air-dried within a fume hood for 3 weeks prior to measurement. Testes were thawed overnight prior to cleaning (removal of extraneous tissue) and measurement.
Previous studies have analyzed allometric relationships for bacular and testicular sizes in relation to body length (Hosken et al. 2001; Miller et al. 1998 Miller et al. , 1999 Oosthuizen and Miller 2000) . In this study different hunters measured body length, resulting in unknown measurement error that was difficult to assess. Therefore, we chose mandibular length as an allometric covariate because mandibular length was less variable (coefficient of variation [CV] 5 5.9%) than body length (CV 5 14.6%) and assumed to be measured with less error.
Each bacular and mandibular measure was made twice to assess measurement error with an interval of 2 weeks between measures to avoid observer bias. Both measures were averaged for analyses. Several measures were taken on each baculum: bacular length (from the proximal end to the distal end- Lüpold et al. 2004) , basal width and height (maximal width and height near the basal end of the baculum , midpoint width and height (width and height midway along the bacular shaft-Miller and Nagorsen 2008), and apical width and height (maximal width and height near the apex of the baculum . Mandibular length was measured from the anteriormost point on the mandible to the posteriormost point on the articular condyle (Amano et al. 2002; Miller et al. 2007 ). Linear measures on bacula and mandibles were recorded to the nearest 0.1 mm using a Mitutoyo Absolute Digimatic digital caliper (Kawasaki, Kanagawa, Japan).
Bacular and mandibular mass were recorded by an electronic balance (APX-1502; Denver Instrument, Bohemia, New York) to the nearest 0.1 g, and bacular density (g/cm) was calculated as bacular mass (g)/bacular length (cm) to the nearest 0.1 g/cm. Testicular length was measured using a ruler to the nearest 1 mm from the epididymal end to the opposite end. Mass of each testis, including the epididymis, was determined to the nearest 0.1 g with a digital scale. A 2nd measure could not be performed on testes after a 2nd thaw due to fluid loss.
A univariate analysis of covariance (ANCOVA) was performed on all variables to determine if significant differences existed between sites. In the analysis site was treated as the independent variable; bacular, testicular, and mandibular measures were the dependent variables; and age was the covariate. Most dependent variables between Arviat and Sanikiluaq had heterogeneous variances, and log transformation did not remove the heteroscedasticity. However, ANCOVA is usually robust to violations of the assumption of homogenous variances when sample sizes are equal (Lindman 1974) , so we proceeded with the analyses. The CV was calculated for all linear bacular, testicular, and mandibular measures to illustrate the variation between sexual traits (bacular and testicular size) and putatively nonsexual traits (mandibular size). To illustrate growth patterns of bacular and testicular size relative to age a 3-parameter sigmoid model was fitted (Zullinger et al. 1996) . Our data represent crosssectional data (Cock 1966) , where specimens were divided into mature and immature individuals (.7 or 7 years of age, respectively) based on evidence that male ringed seals become physiologically sexually mature, on average, by age 7 (Breton-Provencher 1979 ; Chambellant 2010; McLaren 1958; Smith 1987) . A univariate ANCOVA was performed to determine if significant differences occurred among immature and mature bacular and testicular variables.
Allometric (log-log) relationships among mandibular, bacular, and testicular size were assessed by simple linear regression (Eberhard et al. 1998; Miller and Burton 2001) . Slopes from simple linear regression reflected the growth rate of each variable and were compared between both age groups. Only certain bacular variables that were commonly used in previous allometric studies were analyzed and discussed in this study; the other bacular variables are presented for future references. Testes included in allometric analyses were collected between August and December, which is before the breeding season (McLaren 1958) . Trend analysis of seasonal variation in adult testicular size revealed a similar trend as observed by Breton-Provencher (1979) for the same region, with maximal testicular size occurring between January and April. Therefore, we used 7 adult testes collected in January (beginning of the breeding season) to determine testicular length relative to body length, which would allow a comparison to other pinnipeds sampled during the breeding season. We also used 67 adult bacula to determine bacular length relative to body length. Our data were log-transformed to achieve homoscedasticity and normality among the residuals. A 2-tailed t-test was performed to determine whether slopes from simple linear regression were significantly different from 1.00 (isometry- Sokal and Rohlf 1981) . Statistical and graphical analyses were performed using Systat 11.0 (SYSTAT Software, Inc., Chicago, Illinois), and SigmaPlot 11.0 (Systat Software, Inc.).
RESULTS
We found no significant differences in mandibular, testicular, and bacular morphological variables between seals sampled in Arviat and Sanikiluaq, thus data from both communities were pooled. Bacular and testicular variables varied significantly between immature and mature age groupings from a univariate ANCOVA with mandibular size as the covariate: testicular mass, F 1,33 5 7.14, P 5 0.012; testicular length, F 1,35 5 10.65, P 5 0.002; bacular mass, F 1,45 5 13.56, P 5 0.001; bacular length, F 1,49 5 56.48, P , 0.001; basal width, F 1,49 5 67.58, P , 0.001; and midpoint width, F 1,49 5 77.47, P , 0.001.
From birth to approximately 10.5 years the baculum exhibited rapid growth, nearly tripling its length (Fig. 1a) . Bacular mass, however, increased slightly between ages 0.5 and 4.5 years, after which rapid growth occurred until approximately 12.5 years of age (Fig. 1b) . The CV for bacular length (11.5%) and mass (45.8%) and testicular length (17.0%) and mass (36.8%) was higher among mature individuals when compared to mandibular length (4.6%) and mass (22.5%; Table 1 ). Mean bacular density for immature individuals was 0.1 g/cm (n 5 85) and increased to 0.9 g/cm (n 5 67) for mature individuals. Mean bacular length averaged 9.2% of mean body length in mature seals (Table 2) . Testicular length demonstrated a sharp increase from birth to roughly 10.5 years of age (Fig. 1c) . Testicular mass increased slightly until 2.5 years of age and then increased sharply until approximately 8.5 years of age (Fig. 1d) . Among 7 mature males sampled in January testicular length averaged 3.9% of mean body length (Table 2) . When compared to mandibular growth, bacular and testicular length and mass of immature Table 3 ). A similar result occurred when basal and midpoint widths of the baculum were compared to mandibular length (Table 3) .
DISCUSSION
The allometric relationships between bacular size and mandibular size in the ringed seal are similar to relationships between bacular size and body length for known polygynous pinnipeds, such as hooded seals (Cystophora cristata -Miller et al. 1999) , Cape fur seals (Arctocephalus pusillus pusillus- Oosthuizen and Miller 2000) , and Steller sea lions (Eumetopias jubatus- Miller et al. 2000) . In contrast, bacular size increased isometrically in smaller or younger males and allometrically in larger or older males for promiscuous species, such as harp seals (Pagophilus groenlandicus-Miller and Burton 2001). In ringed seals isometric growth of the baculum after sexual maturity suggests that females might not be evaluating males based on bacular size, in contrast to harp seals, where a larger bacular size is associated with larger or older males and might act, during intromission, as an honest indicator of overall male size and viability (Eberhard 2000; Miller and Burton 2001) .
The isometric relationship that characterized basal and midpoint widths of the baculum of adult ringed seals contrasted with those of other pinnipeds (Steller sea lion ] and harp seal [Miller and Burton 2001] Tasikas   TABLE 2 .-Summary of mean bacular and testicular length relative to mean body length in breeding pinnipeds (sample sizes in parentheses). (Long and Frank 1968; Mohr 1963) . In addition, the ringed seal baculum is a relatively simple structure with a slight curvature, typical of phocid bacula (Miller 2009; Scheffer 1950) . Mean bacular density in adult ringed seals was 0.9 g/cm, which is similar to the density of 0.7 g/cm (n 5 1) observed by Scheffer and Kenyon (1963) . Bacular density of the ringed seal is much lower than that of other adult phocids-2.1 g/cm in hooded seals (Miller et al. 1999 ), 2.8 g/cm in harp seals (Miller et al. 1998) , and 3.6 g/cm (Mohr 1963 ) and 3.9 g/cm (Scheffer and Kenyon 1963) in northern elephant seals (Mirounga angustirostris)-but is similar to most adult otariids-0.9 g/ cm in California sea lions (Zalophus californianus-Mohr 1963; Scheffer and Kenyon 1963), 0.7 g/cm in Cape fur seals (Oosthuizen and Miller 2000) and northern fur seals (Callorhinus ursinus , and 2.0 g/cm in Steller sea lions . Miller et al. (2000) speculated that high bacular densities might be an adaptation to increase bending strength, which would decrease the risk of fracture.
High intraspecific variation in bacular size is common among mammals (Kinahan et al. 2007; Miller and Burton 2001; Scheffer and Kenyon 1963; Tasikas et al. 2009 ) and consistent with the hypothesis that the baculum is subject to sexual selection (Long and Frank 1968) . In adult ringed seals variation in bacular length was higher than in mandibular length. Among other pinnipeds bacular length was generally more variable (CV) than body length: 8.4% versus 5.5% in harp seals (Miller et al. 1998) , 7.2% versus 5.9% in Cape fur seals (Oosthuizen and Miller 2000) , and 5.8% in northern fur seals (body length was not investigated -Miller and Burton 2001) . CVs for adult bacular length in other mammals were 3.8% in western marten (Miller and Nagorsen 2008) , 5.2% in polar bears (Ursus maritimus- Dyck et al. 2004 ), 8.5% in muskrats (Tasikas et al. 2009) , and 18.9% in Cape dune mole-rats (Bathyergus suillus- Kinahan et al. 2007) . Comparisons across species can be problematic because of interspecific differences in body size variation, especially for ringed seals (McLaren 1993) , although variation in adult bacular length appears to be highest in ringed seals when compared to other pinnipeds, and relatively high when compared to other mammals.
When compared to other pinnipeds, adult harp seals had the highest bacular length relative to body length, followed by ringed seals. A greater amount of variation for relative bacular length occurs among adult phocids when compared to adult otariids. Relative bacular length appears to be highest among aquatic-mating phocids; therefore, it could be selectively advantageous for males to develop a relatively longer baculum to deposit sperm farther into the female reproductive tract or to aid in preventing damage to spermatozoa and dilution of the ejaculate by salt water, or both (Briskie and Montgomerie 1997) .
A positive allometric relationship occurred between testicular and mandibular size for immature ringed seals, whereas an isometric relationship was found after sexual maturity. A similar relationship occurred between testicular length and body length for polygynous Cape fur and hooded seals (Oosthuizen and Miller [2000] and Miller et al. [1999] , respectively). In contrast, testicular length increased slightly in immature harp seals (,155 cm in body length) but increased sharply thereafter (Miller et al. 1998) . However, testes from harp and hooded seals were collected during the breeding season, and mammalian testicular size is affected by timing and length of the breeding season (Kenagy and Trombulak 1986; Ryg et al. 1991) . Testes from ringed seals (this study) and Cape fur seals (Oosthuizen and Miller 2000) were collected from outside the breeding season, thus limiting comparisons of allometric relationships observed among all 4 species.
Intra-and interspecific variation in relative testicular size reflects several factors that affect sperm production, where testicular size is relatively larger in species that are promiscuous or have a shorter breeding season (Kenagy and Trombulak 1986; Short 1979) . During the breeding season relative testicular length was substantially greater in the gregarious and promiscuous adult harp seal when compared to adult hooded, ringed, and Cape fur seals, which could be indicative of a promiscuous mating system. Harp and hooded seals have a much shorter breeding season (14-21 days for the harp seal [Kovacs 1995; Lavigne and Kovacs 1988] and 17.5 days for the hooded seal ) than ringed seals (40+ days-McLaren 1958; Vincent-Chambellant 2010) and Cape fur seals (approximately 34 days- Stewardson et al. 1998) , which may explain why harp and hooded seals have relatively larger testes than ringed and Cape fur seals.
Several adaptive explanations for bacular and testicular size and shape have been proposed in relation to mating behavior and mating systems (Dixson 1995; Ferguson 2006; Larivière and Ferguson 2002; Møller and Birkhead 1989) . In this study the isometric growth of bacular and testicular size of adult ringed seals, and their low relative testicular length, suggest a polygynous rather than promiscuous mating system, where females exercise precopulatory selection of potential mates. Previous reports on behavioral and ecological characteristics of ringed seals support our hypothesis. Smith and Hammill (1981) found a sex ratio of 2.09 females per male during the breeding season and suggested that 1 territorial male might defend the birth lair complexes of a few adult females. Exclusion of immature individuals from the prime breeding habitat (i.e., stable ice), aggressive behavior, and fresh bite wounds also have been reported throughout the breeding season (Holst et al. 1999; Krafft et al. 2006 Krafft et al. , 2007 Smith 1987) . Adult males secrete a malodorous substance from their facial apocrine sweat glands during the breeding season, and its function could be associated with scent marking of haul-out lairs and breathing holes (McLaren 1958; Ryg et al. 1992; Smith 1987) . Several studies have suggested site fidelity in ringed seals (Kelly and Quakenbush 1990; Kelly et al. 2010; Smith and Hammill 1981) , which ultimately might confer an evolutionary advantage, because prior knowledge of an area can increase reproductive success due to greater familiarization of resources, potential mate availability, and predator avoidance (Emlen and Oring 1977; Greenwood 1980) . In Weddell seals (Leptonychotes weddellii), the ecological Antarctic counterpart of ringed seals, fidelity to preferred breeding areas has been documented (Cameron and Siniff 2004; Stirling 1969; Terhune et al. 2008) , and a weak polygynous mating system where males aggressively defend territories has been suggested (Harcourt et al. 2007; Siniff et al. 1977; Thomas and Kuechle 1982) . Knowledge about bacular and testicular growth relationships in the Weddell seal unfortunately is limited.
In conclusion, bacular and testicular growth and allometry in the ringed seal, combined with previously reported behavioral and ecological ringed seal characteristics, suggest that ringed seals display a polygynous mating system. However, alternative mating tactics could occur, considering the widely dispersed distribution pattern of females and the relatively long breeding season (McLaren 1958; Smith 1973 Smith , 1987 Vincent-Chambellant 2010) . Interpretations of ringed seal reproductive and behavioral ecology are uncertain and speculative due to the difficulty of conducting behavioral studies in the Arctic during the ice-covered spring breeding season. Bacular and testicular growth studies are needed on other pinnipeds to increase our understanding of relationships of bacular and testicular size relative to mating system and provide insight into the diversity of pinniped mating tactics.
